Monitoring of seawater intrusion is essential to determine and predict groundwater deterioration, and assess other managerial activities in coastal aquifers. Monitoring involves designing strategy and methodology of field surveys for choosing the most effective means towards obtaining the most reliable possible data.
Introduction
Above the Coastal Plain aquifer there has been parallel growth in population, agriculture, and industry. Long-term over-exploitation of both shallow and deeper groundwater reservoirs, and intensive land-use has led to an ever-increasing gap between available supply and demand. Exploitable yield has declined and there is a distinct danger of exhausting both quantitatively and qualitatively the limited groundwater resources for the ultimate user (U.S. EPA, 1990; Goldenberg and Melloul, 1994; Appleyard, 1995) .
Near the coast, the result of such over-exploitation is seawater encroachment into the aquifer which can intrude hundreds to thousands of metres inland from the seashore. In Israel's Pleistocene coastal aquifer, the toe of seawater intrusion has been assessed as 100-2000 m from the seashore. Since saltwater intrusion poses a major limitation to utilization of groundwater resources, a monitoring network to assess this intrusion must be augmented and improved in order to control groundwater pumping and, where recommended, recharging the aquifer to prevent further groundwater quality deterioration. Only adequate seawater intrusion monitoring can lead to better management of such a coastal aquifer.
      
The basic elements of saltwater monitoring programs in general and seawater intrusion surveillance in particular include definition of monitoring policy and objectives, design of field surveys to characterize possible seawater intrusion, sample collection and data analysis, evaluation of the information achieved, and decisions on how to utilize it. Monitoring of contaminated aquifers is an integral part of the activity related to the modern human-environment interaction. Its goal is to detect and characterize changes in the aquifer system that might arise from human influence and natural causes on aquifer systems. Seawater intrusion is a typical result of such a human interaction. The intrusion together with other sources of groundwater contaminants (e.g. sites of disposal of solid and liquid waste materials), causes degradation of groundwater quality.
The strategy of designing a monitoring program depends mainly upon the natural and political-administrative boundaries of the area of concern, the quantity and quality of existing records regarding aquifer geology, the groundwater regime, other sources and types of contaminants, and available financial resources.
On-going observation-well monitoring is the norm. However, under certain conditions, temporary "ad hoc" means may be employed. The basic components of monitoring methodology are network design and operation. The physical design of the network begins with determining the number and locations of sampling sites (WMO, 1988) . The network involves a sampling plan to produce the optimal means of sample collection (where, how, frequency, etc.) as set forth, for instance, in Loaiciga (1989) .
The heart of each monitoring program is the meaningful, relevant, and representative information, basically obtained during field surveys. Thus, establishing an effective and efficient monitoring methodology is a necessary preliminary step to field surveys.
Monitoring information can answer questions related to the magnitude and dynamics of seawater distribution within aquifer space over time, as well as present and future gradients and flow velocities within the aquifer. The data obtained may help to pinpoint discrepancies between aquifer water quality and effectiveness of existing seawater control measures, in order to take appropriate management and legal steps (U.S. EPA, 1990) , and/or to identify areas requiring additional research.
       
Monitoring of seawater intrusion in aquifers involves a variety of water types, each containing a specific content of dissolved ions. These water types migrate through matrix materials and show diverse characteristics owing to the presence of various driving forces, the magnitude and direction of which change over time throughout the aquifer space. Matrix properties may also change; for instance, its hydraulic conductivity may decrease due to water-rock interaction, or increase due to rapid groundwater movement that may take place due to channelling through existing or developing preferred flow pathways . Consequently, fluxes and velocities of polluted/salinized water may change in the same place over time, or at the same time in diverse parts of the aquifer. In addition, even if driving forces and porous media remain constant over time, chemical, biological and physical processes influence the intruding seawater differentially (Pope et al., 1978; Hirasaki, 1982; Wong, 1988; Faust et al., 1989; Dagan, 1990; Warick et al., 1991) .
Another major concern in seawater monitoring appears in the case of water sampling. This is because in any boreholes of observation or pumping wells that have a large filter, a significant degree of circulation and mixing can occur in the vicinity of the open screen. Thus the measurements of seawater/freshwater depths' data, necessary for assessing seawater intrusion into the aquifer, can be given only with a low level of confidence.
Complex monitoring results are also due to the heterogeneity of the aquifer matrix and the unknown lithological configuration of clay layers and lenses that may appear near a coastal aquifer's seawater/freshwater interface, and their possible continuation into the sea. These clay layers can subdivide the aquifer into different hydrologic units or sub-aquifers. The progressive feathering out of these clay layers may result in a lack of connection between groundwater of sub-aquifers and seawater (Kolton, 1988) .
An additional complexity is the dynamism caused by the non-stability of the seawater monitoring network. This results from deterioration of observation wells because of corrosion (most observation wells are iron), incrustation of filters owing to high saline concentrations, or the presence of clays and silt that may exist in such an environment (Melloul and Dax, 1990 ).
   
Modelling programs may take the form of a linear equation or a very complex mathematical expression. Such models may be of benefit to characterize the migration of polluted/saline water, delineate the saline border of the aquifer near the sea, detect trends of qualitative and quantitative groundwater deterioration and produce a better understanding of the hydrogeological system involved. These models also provide a choice between a variety of schemes for controlling generated groundwater contaminants and for aquifer rehabilitation, and may also account for potential economic and ecological impact of various objectives or strategies. Such models may be descriptive (aiming to classify systems), directive (attempting to point towards a particular solution), and predictive (calculating values of future state variables). A significant advantage of such models is that they are not subject to "irrelevant" constraints such as political pressures. All such models require various assumptions, owing to the lack of physical and other data regarding the highly heterogeneous aquifer matrix (Shapiro et al., 1983; Kapuler, 1984; Dagan, 1990) . In order to maximize their utilitarian value, such models require ample field data. The most practical integration between monitoring and modelling of pollution/salinization in groundwater is found in processes of administrative and management decision-making. However, even the concept of model validation is itself questionable (Konikow and Bredehoeft, 1992) . Any operational model must be calibrated by field data before results can be incorporated into other economical, technological, political, or institutional models. The applicability of a model is a direct function of the quality of field data and the sensitivity of the monitoring network. Effective monitoring is a function of field survey methodology to obtain the most reliable possible data to be used as input for the managerial aquifer models. This study intends to recommend the means of emplacement of an optimal seawater monitoring network despite the complexities involved, on the basis of the Israeli example.
Methods and means of seawater intrusion monitoring
Saltwater can be detected directly in observation wells by electrical electrodes or by sampling, or indirectly by geoelectrical methods.
 

In-situ measurement in the field
In-situ measurement of electrical resistivity (ER) can be considered a direct method of monitoring salinity, results given in total dissolved salts (TDS) in groundwater. TDS is estimated by use of an algorithm that transforms the specific ER measurement in an "in situ" well, along a local groundwater profile, into TDS. When properly designed and applied, the method is effective to measure, and even predict, seawater spread over time within an aquifer, at least in the vicinity at the location where measured.
An example of a device used in the monitoring of groundwater salinity is an instrument developed by the Israel Hydrological Service. The instrument consists of a fully transistorized electronic unit and a dip electrode connected to a cable on a drum with sliding contacts. The cell is calibrated to cover the range of TDS concentrations from freshwater to seawater, with an option to be automatically corrected for a given temperature. In the field, this salinometer is lowered into monitoring pipes and measurements are taken (Schmorack and Mercado, 1969; Bachmat and Chetboun, 1974) .
Water sampling
Groundwater may be collected directly from pumping wells, or by specific devices from especially drilled research bore holes. Portable pumps may be used for sampling nonpumping wells. Samples may also be taken by grab samplers (WMO, 1988) .
Single-chamber apparatus. The sampling of groundwater and subsequent analysis in the laboratory are common worldwide procedures. In Israel, groundwater samples from the coastal aquifer are obtained from narrow sampling pipes, the diameter of which is usually 2 inches (Schmorack and Mercado, 1969; Bachmat and Chetboun, 1974) . A characteristic instrument consists of a cylindrical chamber, closed at top and bottom by valves. The instrument is lowered to a desired depth on a calibrated cable with both valves in an open position. Then, a sliding weight messenger is released, triggering the valves to close simultaneously. The results of water sample analyses from various depths are incorporated into a data base used to characterize groundwater quality and assist management decision-making .
Multi-layer samplers (MLS).
In order to analyse more accurately the aquifer's unsaturated and saturated zone, a simple MLS device is used in Israel's coastal aquifer to monitor water contaminated by diffuse sources of pollution, especially from areas irrigated with sewage effluents. The MLS consists of a rod of 5-cm diameter and 240-cm length with 76 dialysis cells exposed to the water. In a research program, two units of the sampler were introduced into two wells drilled 10 m apart, and left there for around 30 days (Ronen et al., 1986; Magaritz et al., 1989) . A more sophisticated MLS is described by Smith et al. (1991) . This device can be helpful to determine additional sources of salinization other than seawater contamination. The device is utilized in Israel mainly for research purposes to determine the degree of pollution, especially in the unsaturated zone. But it can also be used for measurement of the depth of the freshwater/salinewater and/or seawater transition zone in various aquifer strata.
   
Indirect methods are mostly based upon geophysical techniques such as ground penetrating radar. The device produces a continuous cross-sectional picture of shallow subsurface conditions. The information thus obtained, can help to improve the data bank involving hydrogeologic parameters that control migration and redistribution of seawater intrusion. The main advantage of geophysical methods lies in the fact that they are quick, non-destructive, and supply information about large portions of either the vadose or the saturated zones. As regards saline water distribution, this information may be used as a basis for mapping seawater intrusion and/or for siting new research wells.
Geoelectrical prospecting has been successfully used in solving various groundwater exploration problems. The direct current method (the DC method) has been most widely used as an electrical prospecting method in groundwater exploration profiling. This is mainly due to its simplicity and the relatively low cost of equipment. However the DC method suffers the disadvantages of having very high sensitivity to the influence of lateral near-surface heterogenetics, ambiguities in interpretation and problems of current injection disturbance (Goldman et al., 1988) . DC results are excellent if borehole data are used prior to the interpretation. For that reason, electromagnetic methods (EM) are mostly used to obtain general information at relatively shallow depths over large areas (Beeson and Jones, 1988) .
Another commonly used method is the profiling technique of frequency domain electromagnetics (FDEM). However, this technique is more suitable for detecting typical high-conductivity bodies in the field (Granda Sanz, 1988) . It utilizes conductivity metre units, and has been involved in areas where the DC method cannot be applied. However the ability of this method to delineate geologic units saturated with seawater in specific locations is rather limited. A more suitable method is TDEM. The TDEM method is a sounding method that possesses excellent lateral and vertical resolution in the case of a highly conductive target, and where measurements are minimally influenced by near-surface heterogeneities. TDEM results for aquifers suffering from seawater intrusion display resistivity values within a range of 1-3 Ohm, lower than low-resistivity lithologies, which can have minimum values of approximately 10 Ohms. This fact enables delineation of seawater intrusion along the length of a coastal aquifer (Goldman et al., 1991) . This method records signals over a long period of time, leading to a deeper exploration potential. This feature virtually eliminates the effect of near-surface variations in resistivity, such as the skin effect and eddy currents, concentrated in upper layers, often the main cause of poor data quality for other electrical prospecting methods. The TDEM device consists of a transmitter and a receiver. The transmitter is a square loop of insulated wire laid on the surface. A coil (about 1 m in diameter) is placed in the centre of the loop and serves as a receiver. The current waveform driven from the transmitter to the loop consists of equal periods of time on and off (Goldman et al., 1991; Melloul and Gilad, 1993) .
Over recent years, use of other methods has been suggested in groundwater research in combination with the above mentioned geoelectrical methods. The most suitable of these is the induced polarization (IP) method that utilizes natural electronic polarization and chargeability of clays to determine the presence of clay in the aquifer media. Another method is nuclear magnetic resonance (NMR) which uses natural magnetic fields created by protons in water to quantify water storage in an aquifer.
Israel's monitoring network for seawater intrusion and discussion
Israel's National Groundwater Monitoring Network (INGMN) aims at quantitative and qualitative characterization of all the country's groundwater. That part dealing with the coastal aquifer involves one of the most important components of Israel's water supply system (Figure 1 ). This aquifer is used as both a long term reservoir and a main source of drinking water, located along around 110 km of seashore.
In certain portions of the coastal aquifer, salinity standard limits have long since been exceeded (the drinking water maximum permissible standard being 250 mg/l chlorides, and 90 mg/l nitrates). Up to 2000 m from the seashore, some chloride levels have exceeded 600 mg/l. Seawater intrusion appears mainly responsible for this adverse situation. Seawater encroachment assessment is therefore a central monitoring concern along the seawater interface of the coastal aquifer. One of the complexities of seawater intrusion monitoring is the aquifer's hydrolithological cross-section (Figure 2 ). Its varied sediment lithologies, such as sandstone, silt, marine clay and limestone, are subdivided by clay layers into different hydrologic units or sub-aquifers (Tolmach, 1979) . Each of these hydrologic units is characterized by its own hydrogeologic properties.
In each sub-aquifer, saline groundwater can intrude in a different manner and to different distances from the sea (left portion of Figure 2 ). This may result from local operational activities (e.g. pumping and recharging wells), as well as from various physical parameters of the aquifer. Continuation and increase in thickening of clay lenses under the sea may lead to a lack of connection of certain sub-aquifers from seawater intrusion (Kokton, 1988) . In such cases, existing saline water sources might be trapped as brines between these low conductivity layers. Accurate seawater intrusion assessment of a coastal aquifer must therefore take each sub-aquifer into account separately. Because of lack of data characterizing lower sub-aquifers, and since most abstraction takes place in the upper layers of the aquifer, the general monitoring picture relates mainly to upper sub-aquifers (A and B in Figure 2) .
A second aspect of monitoring complexity of an aquifer relates to lack of clear indications as to when minor changes in salinity within a relatively fresh range might suddenly give way to a spurt of salinization, as displayed in Figures 3 and 4 . Figure 3 represents typical chloride patterns for a well located in the Sharon region, north of the coastal aquifer (hydrologic strip no. 146), known to be influenced by seawater intrusion. This figure indicates that after a period of "fluctuation", during which seawater is still not apparent, a sudden increase in chloride concentration occurs (Melloul and Atsmon, 1992) . The fluctuations that appeared during the years 1970-1979 resulted from change over time of driving forces within the aquifer combined with matrix micro-and macro-scale variability . Following this stage, a sharp and rapid trend of salinization occurred where chlorides increased from 100 mg/litre in 1979 to 700 mg/litre in 1984.
Monitoring measurements conducted in another well (Figure 4 ), situated less than 1000 m from the seashore in the Gaza Strip area, display similar behaviour, with significant fluctuations occurring between the years 1972 and 1986, as observed in Figure 4 . A sudden increase in saline content, from 300 to 2500 mgCl/litre, took place between 1986 and 1990.
It can thus be concluded that the advance of seawater inland must involve a dense network of observation wells and high frequency of sampling in order to be sufficiently sensitive to the sharp groundwater quality changes responsible for the adverse development of salinization that may occur over a relatively short period of time in the seawater intrusion area.
Monitoring complexity is also seen in the variable manner of seawater intrusion into each hydrologic strip for two different periods as shown by Figure 5 . This requires a different number of observation wells for each hydrological strip.
Until 1960, monitoring activity conducted along the Mediterranean seashore of Israel's coastal aquifer was performed regularly and continuously by in-situ data collection relating to water levels and salinity profiles such as electrical resistivity (ER) and temperature, covering over 400 observation wells. Based upon this monitoring, an initial and relatively accepted delineation of the seawater/freshwater interface had been assumed ( Figure 5 ). Over time, many of these observation wells became non-active and have even been destroyed by corrosion and/or obstructions in their filters (Melloul and Dax, 1990) .
Thus, in 1990, the seawater monitoring network consisted of only around 200 effective wells of 2 inch diameter, sampled at the end of each summer once a year. Insitu measurement of seawater intrusion was being carried out twice a year at the end of the summer and in spring on a set of only around 50 wells, where seawater had already reached their filter .
The consequent reduction in the physical network has created gaps in data, with significant uncertainties regarding the extent of seawater intrusion into the aquifer. Thus, after 30 years, assessment of seawater intrusion is still not accurate because of lack of data. This is one good reason to look for other complementary methods to enhance the effective network. The proposed solution involves geophysical methods such as the TDEM as mentioned in Goldman et al. (1991 Goldman et al. ( , 1995 .
TDEM results displayed in Table 1 indicate in some cases significant correlation of TDEM freshwater/salinewater depth values to those obtained from observation wells by the TDEM surveys of 1990 and 1995 (Goldman et al., 1991 (Goldman et al., , 1995 . Acceptable agreement for more than 50% of the total number of measurements was determined when the discrepancy between the TDEM and observation well data was less than 5 m. Poor agreement involved those where the discrepancy exceeded 10 m. Note that results are mostly related to upper sub-aquifers A and B. Table 1 represents additional data for areas in which there were no observation wells. In such areas, even these data are with a low level of confidence, they give some idea about the presence of saltwater. Therefore, since 1990, the network has been enriched by new TDEM measurements.
Comparison of seawater intrusion between 1960 and 1990 in Israel's coastal aquifer was thus based upon a reduced number of wells (50 wells), and TDEM data to cover a large number of hydrologic strips of the coastal aquifer.
The results given in Figure 5 point to the conclusion that the probable maximum saline water intrusion into the aquifer had reached a penetration of between 0·1 to around 2·0 km all along the seashore, with developing trends of migration of undesirable groundwater salinity at a maximum rate of 30 m/year in some portions of the coastal hydrological strips. Table 1 indicates certain instances in which saltwater/freshwater interface depth was higher in 1990 than in 1995. Such a phenomena could indicate retreat of seawater intrusion (see Figure 5 ) due to reduction of pumpage from aquifer wells and/or additional artificial and natural freshwater recharge such as that which occurred during the rainy winter of . This phenomea contradicts Goldenberg et al. (1986) and Goldenberg's laboratory work (1988) , which suggest that seawater intrusion is basically an irreversible process. For this and other reasons, only a monitoring network with more concomitant measurements in space and time, including active analyses of groundwater chemistry and gradients in the region can produce a truly clear picture.
Conclusions and recommendations
This report deals with the complexities involved in seawater intrusion monitoring networks, and the importance of additional non-conventional data beyond that obtained from observation wells. More data will provide more accurate mapping of seawater encroachment into such aquifers, which can be beneficial for modelling insight, and for management of coastal aquifer systems.
Owing to the high rate of well deterioration, seawater monitoring will require increasing use of geophysical methods. Such methods require improvement in order to T 1. Depth of saltwater/freshwater in the coastal aquifer of Israel in 1990 Israel in -1995 Goldman et al., 1995. be utilized more extensively, primarily for the upper layers of the aquifer. Data from observation wells remain the basic source of monitoring information required by hydrologists. However, due to the high cost of wells and their relatively rapid deterioration, new guidelines for drilling and renovation of wells must be considered, including new technological devices, methods of drilling, and material for construction (e.g. PVC pipes in place of metal pipes, etc.). Additionally, a drilling plan for new observation wells must be developed, based upon rational criteria for location and design, and taking into consideration the specific hydrological situation of the area .
Lack of field data from the current monitoring network leads to highly uncertain results. This lack of data is more significant when comparing hydrological situations between separate periods. Some results, which also involve TDEM data, indicate a probable stagnation, or even "retreat" of seawater over recent years (see Tel-Aviv area in 1995 in Figure 5 ). This may be explained by a significant reduction in pumpage and massive artificial freshwater recharge, especially during the rainy year of 1991-1992. To verify these conclusions, additional data are required.
To overcome lack of data, existing monitoring networks must be augmented by other methods, such as geoelectromagnetic techniques for evaluating seawater intrusion into coastal aquifer. Despite the fact that the lower boundary of seawater intrusion can be determined with only a minimal degree of reliability, the TDEM method can, none the less, be utilized to enrich seawater intrusion monitoring in areas where insufficient alternative data exist. Although results of such methods are less than satisfactory, they add data, especially in areas where better data are not available.
Ultimately, only a denser monitoring network including observation wells' data in tandem with TDEM resistivity values, reliable for detecting the freshwater/seawater interface depth within the upper coastal sub-aquifers, can optimize at optimal costeffectiveness the seawater intrusion following. This will provide requisite information for hydrological modelling, and management purposes. The TDEM method may be considered as complementary to in-situ well measurement of salinity and seawater intrusion in the upper sub-aquifers, and also as a preliminary tool for planning the location of new wells. To improve the efficiency of this method, a combination of other methods can be suggested. There include the induced polarization method to determine the presence of clays and the nuclear magnetic resonance method to determine the quantity of water in the aquifer.
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